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Abstract 
 
It is demonstrated that thin platinum films may be deposited onto smooth glass substrates 
using a materials printer and a propriety organometallic ink. Under optimised printing and 
subsequent thermal curing conditions, excellent film adhesion to the substrates was achieved 
for thicknesses of about 15 nm. The resistivity of the optimised films is observed to be a 
factor of less than 3 higher than pure bulk platinum at 300 K and exhibits a slightly smaller 
associated thermal coefficient of resistance. The resistivity parameters are found to be 
insensitive to the gaseous measurement environment which suggests that intercalated carbon 
regions within the films following the curing process have been largely eliminated. An 
analysis of the resistivity data indicates that electronic conduction is consistent with enhanced 
boundary scattering at granular structures that are introduced during multi-pass printing. A 
minimum electron mean free path of ~ 18 nm is deduced from the measured film topography. 
The presented work will find application in biosensor and fuel cell technologies. 
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Introduction 
The fabrication of low integration density electronic circuits and sensor systems using 
standard ink-jet printing technology [1,2] is becoming increasingly attractive in a number of 
commercial areas such as smart labelling and personal health-monitoring products. The active 
electronic inks that are deployed in such material printers range from insulators to metals and 
typically face a number of challenges to ensure that design features may be accurately 
reproduced whilst the electronic performance remains acceptable [3]. Popular metal inks 
generally comprise a suspension of nanoparticles which must be dried and sintered at high 
temperatures to achieve an acceptable resistivity for interconnect features [4-6]. These 
suspension inks frequently suffer from undesirable agglomeration effects which may lead to 
nozzle blocking and ultimately a limitation on the achievable resolution of printed features. 
Also, redistribution of the nanoparticulate material during coalescence and drying of the 
deposited ink droplets, the well documented “coffee-stain” effect [7-10], can be particularly 
troublesome for the preparation of high-quality, uniform films. 
Alternative inks that offer to solve these printing limitations use solvated organometallic 
molecules [11-13]. Careful selection of the constituent organometallic molecule is vital, 
however, to ensure that the ensuing thermal curing process does not introduce intercalated 
carbon residues which limit the minimum achievable resistivity of the printed films. 
Significant effort has recently been reported on the development of printable gold inks [4-
6,11] which have important applications as chemiresistor sensors and as electrode structures 
that possess a high chemical stability for lab-on-chip devices [14]. Compared to the advances 
made in the optimisation of gold inks relatively less progress has been reported for printed 
platinum (Pt) despite such films having potentially novel applications for biosensor and fuel 
cell technologies. Previous work using Pt organometallic inks has been largely focussed upon 
optimising the printing process but the achieved resistivity of the deposited films was found 
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to be much higher than pure bulk Pt [13]. The present work therefore investigates how the 
electrical performance of printed organometallic Pt films may be improved, and considers 
whether the measured resistivity behaviour is consistent with established thin-film electron 
scattering theories for the observed film morphology. 
Materials and methods 
To ensure that an acceptable performance of the inkjet materials printer (a Fujifilm Dimatix 
DMP-2801) was achieved, considerable effort was taken to optimise the surface tension and 
viscosity of the printable Pt fluid.  The selected Pt ink formulation, supplied by Ceimig 
Limited, comprised a 3-component solvent system (toluene, cyclopentanone and 
cyclohexanol in various ratios) into which a Pt organometallic, dimethyl(1,5-
cyclooctadiene)platinum(II), was dissolved. Surface tension measurements on these inks 
were made using a Krüss EasyDrop drop shape analysis system, whereby the shape of a 
pendant drop of the ink solution is suspended in air and its shape captured and modelled by 
the system to yield the surface tension. The dynamic viscosity of the inks was measured using 
a Cannon-Fenske viscometer tube, immersed in a constant temperature bath. Using these 
measurement procedures, the ratios of the 3-component solvent system making up the ink 
formulation were adjusted to produce an optimal printing performance in the printer (surface 
tension = 31.3 ± 0.6 mNm-1; dynamic viscosity = 16.6 ± 0.5 cP at 21 °C). 
For resistivity measurements serpentine track patterns (1 mm wide and 50 mm long) were 
printed onto microscope glass substrates which had been ultrasonically pre-cleaned in 
acetone. Surface priming of the cleaned glass substrates (using hexamethyldisilazane vapour) 
did not improve the overall print quality. The printer platen and ink cartridge temperatures 
were maintained at 30 oC during the printing period. The voltage waveforms used to drive the 
print-head resulted in an approximated drop velocity of 7.5 ms-1 and a drop overlap distance 
of 20 µm. A 4-jet (or greater) delivery method from a print height of 0.75 mm was found to 
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be beneficial for overall uniformity of the material distribution in the printed serpentine track 
patterns. For multi-pass printing of patterns a delay of 60 s was imposed between printing 
each layer. 
Curing of the printed ink patterns to produce corresponding Pt metal features was performed 
by thermally annealing the substrates at a temperature of 320 oC for 300 s in an air ambient. 
The thickness of the cured films was established using a surface profilimeter, and the surface 
topography imaged using an atomic force microscope (AFM).  The electrical resistivity of the 
cured films was measured using a computer controlled source-measure system (Keithley 
model 236) by sweeping a source voltage between 0.1 V to 1.0 V across the length of the 
serpentine track and monitoring the induced current flow. Resistivity measurements were 
conducted between 170 K and 400 K by mounting the printed samples in a liquid nitrogen 
bath cryostat (Oxford Instruments Optistat DN). Various dry thermal exchange gases 
(helium, nitrogen and argon at a pressure of about 1 atmosphere) were used during cryostat 
operation. 
Results and discussion 
The quality of the graphical patterns that could be reproduced using the Pt ink formulation 
under optimised printing conditions is illustrated in Fig. 1(a). This serpentine track pattern 
shows excellent edge acuity and minimal corner rounding following the curing stage. The 
distribution of deposited ink across the printed pattern is correspondingly very uniform which 
indicates that the adopted ink formulation promotes stability of the droplets in flight whilst 
allowing unwanted trailing satellite droplets to be controlled. The quality of these Pt patterns 
is comparable to independent work using similar Pt organometallic inks [13]. 
The average film thickness (davg) and associated surface roughness (h) were determined for 
structures such as shown in Fig. 1(a). Data for davg and h were obtained either for very thin 
5	
  
	
  
film structures that were deposited using only a single-pass print, or on thicker films which 
involved successive over-printing of the structure using a multi n-pass scheme (2 ≤ n ≤ 4). 
Due to the sensitivity of the profilimeter equipment, reliable thickness measurements could 
only be obtained for the multi-pass films and for n = 3 a value of davg = 15 ± 5 nm was 
obtained. The necessity of using multi-pass printing to obtain sufficiently thick films for 
profilimetry scanning was accompanied, however, by corresponding changes to the overall 
film morphology.  Significant differences in the surface topology between the single-pass and 
multi-pass films were revealed in Fig. 1. Single pass films (Fig. 1(b)) were universally found 
to exhibit a very smooth surface (h < 1 nm) whereas for the multi-pass films (Fig. 1(c); n = 4) 
the surface is found to be considerably rougher (2 nm < h < 8 nm) and comprises a granular 
structure with an associated spatial diameter of around 60 nm. Multi-pass printing does not 
therefore simply result in thicker films as the behaviour of the ink drying and curing 
processes are expected to be different according to the wetting characteristics and droplet 
interaction of the printed receptor surface. The granular structure that is observed in Fig.1(c) 
is not consistent with the known droplet spacing distances but probably results from larger 
precursor granules that form during the repeated solvation / drying cycles associated with 
multi-pass printing. These then become manifest as larger Pt granules after curing so that a 
multi-pass film most likely comprises the observed granular structure which grows out of a 
thin single-pass film of Pt. Evidence to support this multi-pass morphology is provided by so-
called “Scotch-tape” adhesion tests [15]. Films for n ≤ 3 were generally found to pass the 
adhesion test comfortably, but for n > 3 there were sometimes signs of delamination of the 
upper part of the film although a thin underlying Pt layer was always found to adhere to the 
glass substrate.  
The electrical performance of single-pass Pt films was often observed to be inconsistent due 
to suspected discontinuities along the relatively long length (50 mm) of the serpentine test 
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pattern.  Resistivity testing of the printed Pt was consequently concentrated upon multi-pass 
(n = 3) films where consistent resistance values (880 ± 78 Ω at 300 K) were obtained for a 
number of identically prepared serpentine structures. The deduced resistivity (ρ) of these 
films (using davg = 15nm) are given as a function of temperature (T) in Fig. 2. Compared with 
the reference ρ(T) data shown for pure bulk Pt [16] the printed n = 3 films are seen to possess 
slightly higher resistivity values and an associated weaker thermal dependence. The 
resistivity of these films is considerably closer to bulk Pt than previously reported data using 
organometallic Pt inks (ρ(300 K) ~ 4 x 10-2 Ωm [13]). The significant improvement strongly 
suggests that the present films do not suffer from the inclusion of intercalated carbon residues 
that may result from incomplete removal of the organic carrier during the curing process. The 
printed films are accordingly expected to be non-porous and this is confirmed in Fig. 2 by the 
relative insensitivity of the ρ(T) data to the use of different thermal exchange gases within the 
cryostat. A small systematic trend is evident with the resistivity increasing as relative 
permittivity of the ambient gas decreases. This indicates that the gas is able to penetrate the 
cured Pt structure to some degree although from the magnitude of the resistivity changes 
conduction is obviously still dominated by a continuous metallic network. Such a level of gas 
penetration is of potential use for sensor and electrochemical device applications. 
The ρ(T) behaviour displayed in Fig. 2 for the printed Pt films is similarly observed in 
nanometre-thick Pt films that are deposited using either thermal [17] or electron beam [18] 
evaporation techniques. For these Pt thin films the characteristic resistivity behaviour is 
attributed to enhanced scattering at either the film surface and / or at crystallite grain 
boundaries. By performing in-situ resistivity measurements during film growth it has been 
demonstrated that the individual effects of surface and grain boundary scattering may be 
separated [17] by applying the scattering theories of Fuchs [19] and Namba [20] for films 
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whose one-dimensional spatial thickness dependence d(x) is modelled as a sinusoidal 
fluctuation of wavelength s such that 
⎟
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Both the mean resistivity ρ(davg), and the associated mean temperature coefficient of 
resistivity β(davg), may then be obtained by averaging the local conductivity σ(d(x)) and 
temperature coefficient of resistivity β(d(x)) along the full length  
(L) of the film which lies parallel to the current. The ensuing expressions for ρ(davg) and 
β(davg) relative to the corresponding bulk quantities ρb and βb in the absence of scattering are 
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In Eq. (2) σ(d(x)) is given by the Fuch’s integral [19] and depends upon the fraction (p) of 
electrons that are elastically scattered from the film surface and the electron mean free path 
(l0). By contrast the β(d(x)) quantity that appears in Eq. (3) is only sensitive to the mean free 
path [18, 21]. A comparison of the magnitudes of both ρ(davg) and β(davg) for the printed Pt 
films relative to the bulk Pt values should consequently permit information about p and l0 to 
be deduced provided that accurate knowledge of the film topography parameters (davg, h and 
s) is available. Values for davg and h for the n = 3 printed films have already been noted, and 
an initial estimate of s = 60 nm is suggested by the AFM imaging (Fig 1c).  
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An evaluation of the Fuchs-Namba scattering model using Eq. (3) and Eq. (4) may then 
proceed by setting L = 50 mm for the serpentine track length. Because experimental data is 
presently only available for a single value of davg associated with the n = 3 printing procedure, 
it is important to appreciate that analysis by the Fuchs-Namba equations will only allow an 
assessment of whether purely surface scattering effects can account for the observed ρ(T) 
behaviour. Under these circumstances the value of davg that is used for the printed films can 
have a significant influence upon the experimentally calculated magnitude for ρ(davg) from 
the measured resistance and hence the deduced fitting parameters (p and l0) from Eq. (3). 
Since β(davg) is independent of davg, the preferred fitting strategy is thus to initially obtain 
estimates for l0 via Eq. (3) and to subsequently use these l0 estimates in Eq. (2) to determine 
the corresponding solutions for p. The results generated by this fitting procedure are 
summarised in Fig. 3 where the resistivity data for the He atmosphere in Fig. 2 have been 
used at a reference temperature of T = 300 K . The calculated solutions for l0 and p were 
found to be completely insensitive to the value of s used in Eq. (1) provided (s / L) << 1. Both 
the l0 and p parameters depend upon the ratio of h / davg and are given parametrically over a 
range of davg values that reflects the experimental uncertainty that is associated with the 
thickness measurements of the n = 3 films. The mean free path is found to scale linearly with 
davg as confirmed in Fig. 3a, and for (h / davg) < 0.5 the mean free path for the printed films 
requires that l0 > 5 × davg. The corresponding p values to account for ρ(davg) are plotted in Fig. 
3b where it is evident that physically acceptable solutions (p ≤ 1) demand that the film 
surface is not abnormally rough (h / davg < 0.7). Using the mean experimental values for davg 
= 15 nm and h = 5 nm, Fig. 3 returns values for l0 = 78 nm and p = 0.46. The deduced mean 
free path is much longer than that found in pure bulk Pt (23 nm [17,18]), whilst the high 
value for p is inconsistent with the rough surface topology of the n = 3 films. A fit using the 
upper limit of 23 nm for l0 would require that davg < 5 nm from Fig. 3b but for such film 
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thicknesses, which lie significantly out with the experimental limits, the associated p 
magnitudes are greater than unity across the entire range of  (h / davg) values. Surface 
scattering effects alone do not therefore appear to be capable of accounting for the 
experimentally observed ρ(T) behaviour of the printed Pt films. 
An alternative scattering mechanism which may exist in the printed Pt films is provided 
through the presence of internal grain boundaries. Such boundaries may arise from the 
granular morphology detected by AFM imaging on multi-pass films if the grains extend 
throughout a significant fraction of the film thickness. Grain-boundary scattering has been 
shown to be the dominant scattering process in Pt films deposited by e-beam evaporation [18] 
and is also inferred for thermally evaporated Pt films where surface scattering is also present 
[17]. For metallic films that possess a polycrystalline morphology, electron scattering at the 
inter-crystallite grain boundaries has been interpreted using the Mayadas and Shatzkes theory 
[22,23] which predicts the increased resistivity in terms of a dimensionless parameter α that 
involves the carrier mean free path l0, the average crystallite diameter (D) and the reflection 
coefficient (R) for elastic scattering where; 
⎟
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 The associated decrease in the temperature coefficient of resistivity is also dependent upon α 
[24] so that for pure grain boundary scattering where surface scattering is absent (p = 0) the 
overall ρ(T) behaviour should be expressible by a common value for α. The expressions for 
ρ(α) and β(α) relative to the corresponding bulk quantities ρb and βb in the absence of 
scattering are then most compactly expressed as 
( ) 122 11ln33
2
31
−
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟
⎠
⎞⎜
⎝
⎛ +−+−=
α
ααα
ρ
αρ
b
       (5) 
10	
  
	
  
( ) ( )
⎥
⎦
⎤
⎢
⎣
⎡
⎟
⎠
⎞⎜
⎝
⎛ +−
+
++−+=
α
α
α
ααα
ρ
αρ
β
αβ 11ln9
1
36
2
31 3
3
2
bb
     (6) 
Applying the Mayadas and Shatzkes theory to the n = 3 printed Pt data it is thus possible to 
estimate (l0 / D), for appropriate values of R, over the relevant experimental range of davg film 
thicknesses. The results from this fitting procedure are given in Fig. 4 where it is found that 
the optimum fit for both ρ(α) / ρb and β(α) / βb occurs when davg ~ 17 nm which is consistent 
with the experimental film thickness measurements. The associated value of α for this 
thickness is 1.14 so that, setting 0.6 < R < 0.8 as deduced from other polycrystalline thin Pt 
films [17,18], it is deduced from Eq. 4 that 0.3 < (l0  / D) < 0.8, which would be the case if 
grain boundary scattering is solely responsible for the observed ρ(T) behaviour of the printed 
films. If the crystallite diameter D is identified with the granular size of 60 nm measured in 
AFM images (Fig. 1c) the corresponding range for the mean free path is then calculated as 18 
nm ≤ l0 ≤ 48 nm. The lower limit of this range is physically acceptable compared with the 
mean free path for bulk Pt and is only slightly higher than that found for evaporated Pt thin 
films (11 nm [17]). A reduced mean free path in the present printed Pt films may be 
indicative of additional internal-grain scattering at small organometallic impurities that are 
not removed during curing. 
Scattering by grain-boundaries would therefore appear to explain the resistivity differences 
that exist between the printed Pt films and pure bulk Pt using parameters that are consistent 
with the measured film morphology. However, it is important to appreciate that the required 
scattering at such grain-boundaries is relatively weak since the number of boundaries that are 
crossed in a mean free path (= l0 / D) is less than unity. The influence of grain-boundary 
scattering may even be weaker as the Mayadas and Shatzkes theory ignores surface scattering 
effects. If it were possible to print smooth (h = 0) Pt films with no underlying granular 
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structure (D → ∞, α = 0), only surface scattering will limit the achievable resistivity as the 
film thickness become comparable to the mean free path. Using the minimum value of l0 = 18 
nm deduced above the corresponding minimum ρ(davg) / ρb ratio that is estimated from Eq. 2 
is 1.5 at 300 K for davg = 17 nm. The granular structure that is introduced during multi-pass 
printing thus introduces an unwanted (2.3 / 1.5) factor increase in the printed film resistivity. 
Interestingly, it is estimated that for the thinner single-pass films, assuming davg ~ (17 / 3) nm, 
ρ(davg) / ρb = 2.4 at 300 K. Thus, even if it were possible to print such films that were 
electrically continuous, the resistivity is expected to be very similar to that measured for the n 
= 3 multi-pass films as surface scattering would be enhanced in these thinner films. 
 
Conclusions 
Organometallic inks provide a realistic option for the deposition of thin film Pt structures 
using inkjet printing techniques that are comparable in quality to thin Pt films prepared by 
conventional thermal evaporation techniques. Films printed onto glass substrates display 
good adhesion properties and appear to be devoid of any intercalated carbon regions 
following a simple thermal curing process to produce Pt metal features. The slightly higher 
resistivity of multi-pass printed films compared to pure bulk Pt is consistent with grain-
boundary scattering effects associated with granular structures that are introduced during 
multi-pass printing. The potential ability to print smoother multi-pass films through advances 
in the ink and associated printing procedure is anticipated to further reduce the resistivity.  
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Figure Captions 
 
Fig.1 Printed Pt film images (a) multi-pass n = 3 serpentine track pattern; nominal line width 
= 1 mm (b) single pass AFM image showing very smooth surface (b) n = 4 multi- pass AFM 
image showing granular structure 
 
Fig. 2 Temperature dependence of the resistivity for n = 3 multi-pass printed Pt films using 
an average film thickness of 15nm.  The solid line shows the best linear fit to data recorded in 
a He atmosphere. The dashed curve is for pure bulk Pt [16] 
 
Fig. 3 
(a) Calculated mean-free-path as a function of relative surface roughness using Eq. (3)   
(b) Calculated spectral probability as a function of relative surface roughness for various film 
thickness using Eq. (2) 
 
Fig. 4 Mayadas-Shatzkes fit to the resistivity ratio, and the temperature coefficient of 
resistivity ratio, for printed relative to pure bulk Pt as a function of average film thickness 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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